The middle reaches of Yarlung Zangbo River (YR) and its two tributaries is a region in central Tibet Autonomous Region where the industrial and agricultural economy is most concentrative and developed. Remote sensing of land surface parameters has significant meaning for crop growth monitoring, crop yield assessment and disaster monitoring. It also has great theoretical importance for understanding energy and water cycle in local area and even for surrounding regions. In this paper, four scenes data in 2003 under nearly clear weather conditions are selected as the spring, summer, autumn and winter cases. Di¤erent algorithms for AVHRR and MODIS data will be applied to retrieve land surface temperature (LST), albedo, Normalized Di¤erence Vegetation Index (NDVI), vegetation coverage, emissivity, and water vapour content, respectively. The derived LST, albedo are Corresponding author: Lei Zhong: School of Earth and Space Sciences, University of Science and Technology of China, Hefei 230026, China. E-mail: zhonglei@ustc.edu.cn 6 2012, Meteorological Society of Japan validated with field measurements and MODIS products. The estimations are in good agreement with in-situ measurements, with MODIS retrievals being slightly better than those of AVHRR. This means that the adopted remote sensing retrieval algorithms are not only applicable but also simple for the study area. As called the ''water vapour inflow corridor'', the valleys of YR and its two tributaries are proved to have higher LST and larger atmospheric water vapour content. Spatiotemporal variations of land surface parameters in the middle reaches of YR and its two tributaries can also be clearly identified.
Introduction
The characteristics of land surface are important factors that influence the energy and mass exchanges between land and atmosphere. Among the land surface parameters, Normalized Di¤erence Vegetation Index (NDVI), vegetation coverage, land surface temperature (LST), albedo, surface emissivity, and water vapour content are the most important. Vegetation is regarded as an intermediate link in the pedosphere, atmosphere and hydrosphere of the earth's system (Zhong et al. 2010) . It is one of the key parameters in global climatic change study. On the other hand, LST controls most physical, chemical and biological processes of the Earth surface (Qin and Karnieli 1999) . Albedo represents the reflective ability of the earth to solar radiation and is widely used in surface energy balance, weather forecast and global climatic change study (Dickinson 1995) . Surface emissivity is a measure of inherent e‰ciency of the surface in converting heat energy into radiant energy above the surface. All real materials emit only a fraction of the energy emitted by a black body at the same temperature. Therefore, the thermal radiance received by the sensors on board satellite is also determined by surface emissivity. The total atmospheric water vapor is an important component for the study of weather, hydrological cycle and the Earth's climate. Both surface emissivity and water vapour content are essential factors to derive the LST from satellite images. However, the traditional observation for these hydrological variables through meteorological stations provide point-scale information which is far from enough for studies at local or regional scale (Zhong et al. 2011) .
The availability of Advanced Very High Resolution Radiometer (AVHRR) and Moderate Resolution Imaging Spectroradiometer (MODIS) has provided a possibility to retrieve the regional scale surface parameters. Ma et al. (2003 Ma et al. ( , 2006 derived land surface parameters and surface flux in the experimental area of GAME/Tibet from NOAA AVHRR and Landsat ETM data. Wen and Su (2004) proposed an analytical algorithm for the determination of land surface vegetation Leaf Area Index (LAI) with passive microwave remote sensing data for GAME/Tibet area. However, these results are limited to the meso-scale area and they are not su‰cient to understand the land surface parameters' variations in the middle reaches of Yarlung Zangbo River (YR) and its two tributaries (Lhasa River and Nianchu River). Furthermore, these algorithms are empirical in nature and are therefore limited to a specific application and region. In other words, some algorithms proved to be suitable for a specific area will not definitely applicable for another region. The middle reaches of YR and its two tributaries is a main agricultural region in central Tibet Autonomous Region. It's also a sensitive region to climatic change (You et al. 2007) . Remote sensing of land surface parameters especially LST, albedo and NDVI will has great importance not only for the aspect of agricultural development but also for local government and people's concern. In addition, it has great theoretical meaning for understanding land-atmosphere mass and energy exchange in local area and even for surrounding regions (Zhong et al. 2009 ).
The high elevation and complicated topography make the study area have a harsh climate and di‰-cult to reach. On the whole, observations of land surface parameters in the most challenging area of the middle reaches of YR and its two tributaries are rather scarce. It is necessary and important to find the proper algorithms to derive the land surface parameters and understand their spatiotemporal variations.
In this paper, di¤erent algorithms for estimating land surface parameters from AVHRR and MODIS data are applied to retrieve land surface parameters. The data and methodology adopted in the study are introduced in the Section 2. Then the results of this work will be shown in Section 3 together with the validation from ground truth measurements. Conclusions and remarks will be given in the last section of this paper, Section 4.
Material and methods

Study area
The YR and its two tributaries consist of three rivers' watershed, the Yarlung Zangbo River, Lhasa River (LR) and Nianchu River (NR) (Fig. 1) . YR is the highest major river in the world. In Tibet the river flows from west to east through the South Tibet Valley. The middle reaches of YR and its two tributaries have a territory about 60000 km 2 which is 5% of Tibet Autonomous Region. However, it takes up 10% of cultivated area and has 50% population in Tibet. It is a central agricultural region and natural water vapour corridor for warm and wet air flow from the Indian Ocean. The precipitation usually decreases from the east to west and thus forms vegetation changing from semi-humid type to semi-arid type. According to global land cover 2000 database (GLC2000, European Commission, Joint Research Centre, 2003. http://bioval .jrc.ec.europa.eu/products/glc2000/glc2000.php), there are 9 land cover types scattering through the study area (Fig. 2) . The three dominant land cover types are: alpine and subalpine meadow, alpine and subalpine plain grass and desert grassland.
Datasets
AVHRR and Terra MODIS radiance data are used to retrieve land surface parameters. The AVHRR is a six channel scanning radiometer providing three channels in the visible-near infrared region and three thermal infrared channels. NOAA-AVHRR has a spatial resolution of 1:1 Â 1:1 km at nadir and high revisit time of about two images a day and easy access. MODIS is a key instrument aboard the Terra (EOS AM) and Aqua (EOS PM) satellites. Terra's orbit around the Earth is timed so that it passes from north to south across the equator in the morning, while Aqua passes south to north over the equator in the afternoon. Terra MODIS and Aqua MODIS are viewing the entire Earth's surface every 1 to 2 days, acquiring data in 36 spectral bands. It has a varying spatial resolution, from 250 m (for bands 1-2), 500 m (for bands 3-7) to 1 km (for bands 8-36). MODIS bands 1-7 are all aggregated to 1 km. The images taken on 17 January, 14 April, 23 July, and 16 October 2003 are selected as the cases for winter, spring, summer, and autumn, respectively. AVHRR data are downloaded from National Satellite Meteorological Center (NSMC) of China Meteorological Administration (http://satellite.cma.gov.cn/portalsite/default .aspx). MODIS data are acquired from Level 1 and Atmosphere Archive and Distribution System of Goddard Space Flight Center (http://ladsweb .nascom.nasa.gov/data/search.html). The selected four days are based on nearly clear days. However, because of the common strong convective clouds over the study area, it's almost impossible to get completely cloud-free images in a day. Firstly, January, April, July and October are selected as the representative months for winter, spring, summer and autumn. Then, based on the estimation of quick view images, those four days' data are chosen to ensure minimal cloud coverage in the images.
Because of the challenging climate conditions over the TP, the meteorological stations are sparse and spatially scattered. There are not many stations that can be used to validate the derived land surface parameters. A total of nine meteorological stations locate in the study area. However, the conventional observational items, such as wind, air temperature, humidity and air pressure are not enough for the validation. Only four observational sites in the CAMP/Tibet area provided accurate and consecutive measurements that passed the quality control procedure and are located in relatively homogenous areas with about 1 km spatial scale, which meet the scale of a satellite pixel. They are ANNI, Bu Jiao (BJ), Daoban105 (D105) and North Portable Automated Mesonet (NPAM) ( Table 1) . These sites are, therefore, used to validate the satellite estimates of LST, NDVI and albedo. The sites represent two major land surface covers namely: alpine and subalpine meadow and alpine and subalpine plain grass.
Methods a. Preprocessing
To estimate land surface parameters from AVHRR and Terra MODIS data, some preprocessing are necessary (Zhong 2007) . For AVHRR data, image calibration, solar elevation angle correction for visible and near-infrared bands, limb darkening correction for infrared band, geometric correction, image mosaic and subset, and atmospheric correction are required. For MODIS data, bowtie processing, calibration, geometric correction, image mosaic and subset, and atmospheric correction are needed (Zhong 2007) . Simplified Method for Atmospheric Correction (SMAC) was applied to perform the atmospheric correction. SMAC is a fast and accurate technique for the atmospheric correction of satellite measurements in the solar spectrum. The main advantage of the method is that it is several hundred times faster than more detailed radiative transfer models like MODTRAN and that it does not require precalculated look-up tables (Rahman and Dedieu 1994) .
b. Albedo
Liang (2000) applied an approach that decouples surface reflectance spectra from real-time radiative transfer simulations so that many di¤erent surface reflectance spectra and the atmospheric conditions can be e¤ectively incorporated. His conversion formulae for calculating total shortwave albedo for AVHRR and MODIS are applied in this study. For AVHRR we use the expression:
where a shortÀAVHRR is AVHRR shortwave albedo; a 1 and a 2 are narrowband albedo for AVHRR band 1 and band 2. For MODIS Eq. (2) becomes:
where a shortÀMODIS is MODIS shortwave albedo; a 1 , a 2 , a 3 , a 4 , a 5 , and a 7 are narrowband albedo for MODIS band 1 to band 5, and band 7.
c. Normalized Di¤erence Vegetation Index Normalized Di¤erence Vegetation Index (NDVI), defined below, is widely used as an indicator of vegetation growth status, spatial density distribution and phenology of vegetation.
where a 1 and a 2 are narrowband albedo for AVHRR/MODIS band 1 and band 2.
d. Emissivity
The emissivity is estimated by a theoretical approach, which models a given surface by considering it as being made up of a mixture of bare soil, vegetation and water body (Sobrino et al. 1990; Mao et al. 2005a; Mao et al. 2005b ).
where e i is the surface emissivity of band i (i ¼ 4, 5 for AVHRR, i ¼ 31, 32 for MODIS); e iw , e iv and e is are the surface emissivity for water body, vegetation and bare soil of band i; P v is vegetation coverage for a pixel and it can be calculated by the method of Carlson and Ripley (1997) , 
where y is the observation angel; k represents the adjacent pixels and N represents the number of pixels; t4k and t5k are the brightness temperature for k th pixel directly measured by the satellite in AVHRR band 4 and band 5; t40 and t50 are the mean brightness temperature of N pixels.
The water vapour content can be directly derived from MODIS image (Kaufman and Cai 1992) .
where W represents water vapour content (g cm À2 ); a and b are constants (a ¼ 0:02, b ¼ 0:651); t w is the ratio of absorption band (band 19) to window band of atmosphere (band 2)
Because the transmittance of MODIS band 31/32 and water vapour content of atmosphere are approximately satisfied as a linear relationship, the transmittance of MODIS band 31/32 at pixel scale can be estimated from the water vapour content of atmosphere (Mao et al. 2005b ).
f. Land surface temperature The retrieval of LST from AVHRR and MODIS data is achieved mainly through the application of SWAs (Split Window Algorithms). After twenty years' development, there are about 20 SWAs which have been proposed. However, these algorithms and methods are based on di¤erent considerations and are suitable for certain conditions (Qin and Kar-nieli 1999) . Ma and Tsukaoto (2002) put forward an algorithm for the experiment area in the northern TP. This method will be investigated to derive LST from AVHRR data.
Where T 4 and T 5 are brightness temperature of band 4 and band 5 for AVHRR; W is water vapour content and e is average emissivity of band 4 and band 5. Mao (2005b) proposed a practical SWA to derive LST from MODIS. The method was approved as a simple but with high accuracy. However, whether this method is suitable for YR and its two tributaries is not known yet. Therefore, Mao's method will be investigated for its applicability in the study area by applying it to derive LST from MODIS data.
The coe‰cients in Eq. (10) are given here below:
;
where y is the viewing zenith angel from nadir; e i and t i are surface emissivity and atmospheric transmittance for band i respectively.
Results
Validation of estimated albedo and land surface temperature
The derived albedo and land surface temperature are compared with the field measurements at ANNI, BJ, D105 and NPAM (Table 1 ). The radiation fluxes to determine the surface albedo are measured by four-component radiometer made by Kipp & Zonen. The surface temperature is measured by TS-301(Pt100) made by Okazaki. The absolute error (AE) is applied to quantitatively measure the di¤erence between derived results ðV derivedðiÞ Þ and in-situ values ðV measuredðiÞ Þ.
Since it's di‰cult to determine the exact locations of the experimental sites, the values of a 3 Â 3 pixel rectangle, surrounding the determined coordinates of four sites, are compared with the field measurements. As can be seen from Tables 2-5, the derived albedo and LST are very close to the in-situ measurements. The maximum, minimum and average albedo AE for AVHRR are 0.03, 0.003, and 0.018. Those for MODIS are 0.029, 0.004, and 0.018. The maximum, minimum and average LST AE for AVHRR are 3.5 C, 0.6 C, and 2.2 C. Those for MODIS are 2.8 C, 0.1 C, and 1.7 C. The validation is based on a hypothesis that the validation sites are very homogeneous at 1 km 2 scale. However, the fact is that actual condition is always not that simple. On the other hand, the sub-pixel scale temperature is not taken into account. These two factors will inevitably lead to some biases in the comparison. On the whole, the derived results from MODIS are slightly better than those from AVHRR. Many reasons may account for this. Firstly, the calibration methods are di¤erent. AVHRR instruments' calibration is finished before launching. As a matter of fact, the calibration coef- ficients will vary with time. However, MODIS instruments' calibration is in-orbit calibration and there is no problem of drifting coe‰cients. Apart from the calibration, the di¤erent algorithms applied may also accounts for the di¤erences. Besides, AVHRR band 1 and band 2 cover relatively large wavelength, in which several water vapour absorbing areas exist. This will inevitably not only influence the short wave channels but also have an impact on the long wave channels which are used to retrieve LST. This is due to fact that the ground emissivity is directly related to NDVI, derived from short wave channels. Furthermore, the performances of the split window algorithm are greatly influenced by the accurate estimation of ground emissivity (Qin and Karnieli 1999) . Despite these uncertainties and limitations, AVHRR data is valuable as it o¤ers long term record and it is useful for study of land cover and vegetation dynamics. The advantages and limitations of AVHRR data have been well documented (Holben 1986; Goward et al. 1991; Los et al. 1994 ). To make a further comparison, MODIS LST and reflectance products were downloaded (NASA Land Processes Distributed Active Archive Center, https://lpdaac.usgs .gov/lpdaac/products/modis_products_table, satellite images not shown here). Figures 3a, b demonstrate that the derived MODIS results are much closer to the in-situ measurements than MODIS products. The average LST and albedo AE for MODIS products are 3.3 C and 0.027 while those for MODIS derived values in this paper are 1.7 C and 0.018. We can easily find why the adopted method in this paper is simple by making a comparison with Wan and Dozier's algorithm (1996) , which is used to derive MODIS LST products. For the former, only two parameters of emissivity and column water vapor content are needed. For the latter, besides above two parameters, both viewing zenith angle and surface air temperature are also needed.
3.2 Spatiotemporal variations of land surface parameters in the middle reaches of YR and its two tributaries To better explain the spatial variation characteristics of land surface parameters, the study area is divided into western and eastern part by longitude 90 E. It is also divided into northern and southern part by YR. Figures 4, 5 show the land surface parameters derived from AVHRR and MODIS images. Only the spring and autumn cases are displayed. Among all land surface parameters, the dominant spatial patterns of LST are much more complicated. High LST values are found in the valleys (Figs. 4a, g, 5a, g ). Pixels with extremely low values are mainly contaminated by cloud cover. The LST in southern part is usually much higher than the northern part. LST is influenced by a combination of natural and anthropogenic factors, such as latitude, altitude, precipitation, soil moisture, land cover type, urbanization, land use, etc. Some spatial patterns of LST can be identified with reference to land cover classes according to GLC2000. Alpine and subalpine meadow (ASM) and alpine and subalpine plain grass (ASPG) are two dominant land cover types in the study area (Fig. 2) , constituting up to 42.5% and 38.9% of the total area, respectively. The LST of ASM is usually much lower than that of ASPG (Figs. 4a, g, 5a, g ). The spatial distributions of NDVI and vegetation coverage show some similar patterns, and they are in good accordance with the land cover map of Fig. 2 . The vegetation density in eastern part is much higher than that in western part (Figs. 4c, d, i, j, 5c, d, i, j) and seems to diminish from north to south. Except for some disturbance from clouds, the albedo shows a west-high east-low mode. This is especially obvious from MODIS images (Figs.  4h, 5h) . The surface emissivity and water vapour content are displayed in Figs. 4e, f, k, l, 5e, f, k, l. The emissivity is usually much higher in eastern part than western part. This corresponds to the distribution of vegetation density. It is also remarkable to find the shape of atmospheric water vapour belt following the trend of YR and its two tributaries. The relatively high surface temperature and su‰cient water resources from Rivers make ample atmospheric water vapour formed. Another potential water vapour resource is from the Indian Ocean. From spring (April) to autumn (October), both NDVI and P v values become larger. This is due to growth phase of most of vegetations in western part, i.e., have not started to grow in the pre-monsoon season. In the post-monsoon season, although the vegetation becomes withered and yellow, the land surface is still covered by vegetation. Accordingly, surface albedo declines together with surface emissivity and atmospheric water vapour content decreasing from spring to autumn.
Conclusions and discussions
Remote sensing products of LST, albedo, NDVI, vegetation coverage, emissivity and water vapour content in the middle reaches of YR and its two tributaries have been derived from AVHRR and MODIS data. Although the retrievals su¤er from lack of su‰cient field measurement sites, the comparison with existing sites and MODIS products certified the accuracy of the used algorithms. This study also proves that the derived MODIS results are slightly better than AVHRR, in spite of some similar spatial and temporal pattern among them. Land surface parameters, such as LST, albedo, NDVI, are key indicators of the Earth's surface energy and they are used in a many hydrological, meteorological and climatologically applications. The derived surface parameters will benefit the modeling and climate analysis for the YR and its two tributaries. Our results showed that most of local agricultural areas, concentrated in valleys, have high values of surface temperature and water vapour content.
Based on our derived surface parameters, some further analyses can be carried out to derive the surface energy balance components and drought severity index by applying surface energy balance system (SEBS) model. Besides, on the basis of our results, some other drought monitoring indexes can also be constructed, for example, Normal Di¤eren-tial Water Index (NDWI). The main conclusions can be summarized as follows:
(1) Through validation with field measurements, the proposed algorithms to derive land surface parameters for the study area are proved to be simple and with reasonable accuracy. The estimated land surface parameters show a wide range in di¤erent seasons, which is in accordance with heterogeneous land surface types.
(2) The derived results from MODIS are slightly better than those from AVHRR. The pre-launch calibration method and wide wavelength for AVHRR band 1 and band 2 are the main two reasons for this di¤erence.
(3) As called the ''water vapour channel'', the valleys in the study area are found to have higher LST. Because of abundant water resource supply, it is also proved to have larger atmospheric water vapour content.
(4) The LST in southern part is usually much higher than the northern part. The vegetation density in eastern part is much higher than that in western part. The emissivity is usually much higher in eastern part than western part. This is in good correspondence to vegetation density distributions. Except some disturbance from clouds, the albedo shows a west-high and east-low mode.
(5) Most of the land surface parameters show a clear seasonal di¤erence. From spring (April) to autumn (October), both NDVI and vegetation coverage values increase with the decreasing of surface albedo, surface emissivity and atmospheric water vapour content.
Although there are several meteorological stations in the study area, the conventional observational items, such as wind, air temperature, humidity and air pressure are not enough for the validation. Establishing more comprehensive observation stations for the study area are in urgent need. Based on the derived land surface parameters, using proper parameterization scheme, the next step is to estimate energy balance components to understand the energy and water cycle for the study area.
